The transporter associated with antigen processing (TAP) is essential for intracellular transport of protein fragments into the endoplasmic reticulum for loading of major histocompatibility complex (MHC) class I molecules. On the cell surface, these peptide-MHC complexes are monitored by cytotoxic T lymphocytes. To study the ATP hydrolysis of TAP, we developed an enrichment and reconstitution procedure, by which we fully restored TAP function in proteoliposomes. A TAPspecific ATPase activity was identified that could be stimulated by peptides and blocked by the herpes simplex virus protein ICP47. Strikingly, the peptide-binding motif of TAP directly correlates with the stimulation of the ATPase activity, demonstrating that the initial peptide-binding step is responsible for TAP selectivity. ATP hydrolysis follows Michaelis-Menten kinetics with a maximal velocity V max of 2 mol͞min per mg TAP, corresponding to a turnover number of approximately 5 ATP per second. This turnover rate is sufficient to account for the role of TAP in peptide loading of MHC molecules and the overall process of antigen presentation. Interestingly, sterically restricted peptides that bind but are not transported by TAP do not stimulate ATPase activity. These results point to coordinated dialogue between the peptide-binding site, the nucleotide-binding domain, and the translocation site via conformational changes within the TAP complex.
The transporter associated with antigen processing (TAP) is essential for intracellular transport of protein fragments into the endoplasmic reticulum for loading of major histocompatibility complex (MHC) class I molecules. On the cell surface, these peptide-MHC complexes are monitored by cytotoxic T lymphocytes. To study the ATP hydrolysis of TAP, we developed an enrichment and reconstitution procedure, by which we fully restored TAP function in proteoliposomes. A TAPspecific ATPase activity was identified that could be stimulated by peptides and blocked by the herpes simplex virus protein ICP47. Strikingly, the peptide-binding motif of TAP directly correlates with the stimulation of the ATPase activity, demonstrating that the initial peptide-binding step is responsible for TAP selectivity. ATP hydrolysis follows Michaelis-Menten kinetics with a maximal velocity V max of 2 mol͞min per mg TAP, corresponding to a turnover number of approximately 5 ATP per second. This turnover rate is sufficient to account for the role of TAP in peptide loading of MHC molecules and the overall process of antigen presentation. Interestingly, sterically restricted peptides that bind but are not transported by TAP do not stimulate ATPase activity. These results point to coordinated dialogue between the peptide-binding site, the nucleotide-binding domain, and the translocation site via conformational changes within the TAP complex.
membrane proteins ͉ transport mechanism ͉ ATPase ͉ antigen processing A n essential step in the major histocompatibility complex (MHC) class I-mediated cellular immune defense is the transport of antigenic peptides from the cytoplasm into the endoplasmic reticulum (ER) (reviewed by ref. 1). The transporter associated with antigen processing (TAP) translocates peptides that are mainly derived from the proteasomal degradation into the ER (reviewed by ref. 2) . Subsequently, peptides bind to MHC class I molecules and are presented at the cell surface, where they are recognized by cytotoxic T lymphocytes.
TAP belongs to the family of ATP-binding cassette (ABC) transporters that, under consumption of ATP, translocate a vast spectrum of substrates across membranes (3) . On the basis of sequence comparison, TAP fits in the B subfamily of human ABC transporters (www.gene.ucl.ac.uk͞users͞hester͞abc.html), including the well-characterized P-glycoprotein (ABCB1). The TAP complex forms a heterodimer of TAP1 (ABCB2) and TAP2 (ABCB3), where each subunit comprises a hydrophobic transmembrane domain and a cytoplasmic nucleotide-binding domain (NBD) containing the Walker A͞B and C-loop consensus sequences. The transmembrane domains are thought to form a channel by which peptides are transported across the ER membrane driven by ATP hydrolysis. The coupling between NBDs, the substrate-binding site, and the translocation pathway is not understood and is a central topic to be studied for all ABC transporters.
TAP is part of a macromolecular peptide translocation and loading complex that comprises TAP1, TAP2, tapasin, MHC class I heavy chain, and ␤ 2 -microglobulin in stoichiometrically defined ratios (4) . Tapasin acts as a linker between the MHC class I heterodimer and TAP, ensuring high loading efficiency. This linker is required for stabilizing the MHC class I loading complex and up-regulates the peptide transport by increasing the steady-state level of TAP (5, 6) . Viral proteins also form complexes with TAP to inhibit peptide translocation by different mechanisms and subsequently help the virus to escape immune surveillance. The herpes simplex virus protein ICP47 inhibits peptide binding to TAP (7, 8) .
ATP-independent binding of peptides with a preferential length of 8-16 amino acids to TAP is a prerequisite for peptide translocation into the ER (9) . However, peptides with a length of up to 40 residues are transported with decreasing efficiency (10) . Also, peptides with sterically restricted side chains are transported into the ER lumen, demonstrating the plasticity of this transport protein (11, 12) . To guarantee the transport of this broad spectrum of epitopes across the ER membrane, the substrate specificity is condensed onto the three amino terminal residues and the carboxyl terminal residue of the substrate (13) . Peptides are fixed by TAP on both ends and seem to form only minor contacts in between. From peptide-binding studies (11, 14) and fluorescence resonance energy transfer experiments (R.A. and R.T., unpublished data), we have evidence that only one single peptide-binding site exists, which is formed by cytosolic loop regions close to the NBD domains (15) . Recently, kinetic studies showed that peptide binding to TAP is a two-step process with a fast association step followed by a slow structural rearrangement possibly triggering the ATP-dependent translocation (14) .
In comparison to substrate specificity and ligand binding, little is known about the ATP-dependent translocation of peptides. In early studies, it has been shown that peptide transport requires ATP hydrolysis (16) (17) (18) . Both NDBs bind ATP when expressed separately, but they do not hydrolyze ATP (19, 20) . Both ATP-binding sites need to be functional, because mutation of TAP1 NBD leads to a loss of transport function (21) . However, the NBDs are used not only for energizing peptide translocation but also for synchronizing the entire process of peptide translocation, loading, and dissociation of MHC molecules from the TAP complex (22) . Moreover, ATP and ADP also have a stabilizing effect on TAP (23) . Recent studies emphasize the interaction between the NBDs because residues adjacent to the NBD core are responsible for dimerization of TAP1 and TAP2 NBDs (24) . Additional evidence for the interaction of the domains comes from the observation that the lateral diffusion of green fluorescent protein-tagged TAP in the ER membrane is reduced 2-fold only in the presence of both substrates, ATP and peptide, resembling a structural rearrangement in the transmembrane domain of TAP (25) . All these characteristics point to the central role of ATP in substrate translocation, stabilization of the TAP heterodimer, and release of MHC class I molecules (26) . Therefore, direct analysis of ATP hydrolysis is a keystone for understanding the TAP complex. So far, attempts to study the ATPase activity of TAP have failed. Here we have developed an enrichment and reconstitution protocol. With this system in hand, an ATP-dependent peptide transport of TAP in proteoliposomes could be demonstrated for the first time. Furthermore, we could identify and characterize the ATPase activity of TAP that is strictly controlled by peptides.
Materials and Methods
Cell Propagation and Microsome Preparation. Human Burkitt lymphoma cells (Raji cells) were propagated in roller bottles at 37°C and 5% CO 2 in RPMI medium 1640 (GIBCO͞BRL) supplemented with 10% FCS, 1 mM sodium pyruvate, and 40 units͞ml each of penicillin and streptomycin. Microsomes were prepared as described previously (27) . Microsomal membranes were resuspended with Hepes buffer (20 mM Hepes-NaOH͞145 mM NaCl͞2 mM KCl͞1 mM 1,4-dithio-DL-threitol͞20% glycerol, pH 7.4). Protein concentration of the microsomes was determined by microbicinchoninic acid assay (Pierce) and adjusted to 6 mg͞ml. Aliquots were frozen in liquid nitrogen and stored at Ϫ80°C.
Reconstitution of the TAP Complex. Microsomal pellets were thawed on ice, washed, and resuspended with solubilization buffer (Hepes buffer supplemented with 0.5 mM MnCl 2 and 2 mM MgCl 2 , pH 7.4). For solubilization, n-decyl-␤-D-maltopyranoside (DM) (Calbiochem) were added to reach a value of 2, where is given by:
CMC is the critical micellar concentration of the detergent (1.6 mM for DM). In microsomes, the lipid-to-protein ratio (wt͞wt) was assumed to be one. The mixture was incubated for 20 min at 4°C, and insoluble material was removed by centrifugation at 23,000 ϫ g for 15 min. Solubilized TAP complex was purified by Superose 6 PC3.2͞30 (Amersham Pharmacia Biotech) equilibrated with solubilization buffer containing 2.4 mM DM. TAPcontaining fractions were pooled and subsequently used for reconstitution. For liposome preparation, a lipid mixture containing 23% (wt͞wt) cholesterol, 10% (wt͞wt) phosphatidic acid, and 67% (wt͞wt) phosphatidylcholine (Avanti Polar Lipids) was dissolved in chloroform. The organic solvent was removed under a stream of nitrogen, and lipids were dried in a vacuum. The lipid film was hydrated in Hepes buffer yielding a lipid concentration of 8 mg͞ml. Liposomes were extruded through a 200-nm-pore-size polycarbonate filter by using a LipoFast-Extruder (Avestin, Ottawa) followed by four cycles of freeze and thaw. For reconstitution, a pellet of 200 l unilamellar liposomes was resuspended with 180 l of sizeexclusion chromatography-purified TAP and incubated for 20 min at 4°C. The value for reconstitution was optimized to 0.14. Detergent was removed on a 15-ml Sephadex G50 fine (Sigma) column with Hepes buffer containing 0.2 mM ATP and 2 mM MgCl 2 . In the exclusion volume, turbid fractions were collected and centrifuged for 15 min at 23,000 ϫ g. Finally, proteoliposomes were resuspended in Hepes buffer for further analysis.
Peptide Binding and Transport. All peptides were synthesized by solid-phase technique by applying conventional Fmoc chemistry. The branched peptides were a gift of J. Neefjes (Cancer Institute, Amsterdam) (12) . Peptides were radiolabeled with 125 I, as reported previously (27) . The peptide-binding affinity (K D ) and the amount of TAP in microsomes or proteoliposomes were determined in solubilization buffer by saturation-binding assays as described (11, 28) . The data were fitted by Eq. 2:
B is the amount of bound peptide, and [P] is the total peptide concentration. To analyze the peptide transport, 50 l of proteoliposomes were incubated with 1 M of 125 I-labeled RRYN-ASTE and 3 mM ATP or ADP in 100 l solubilization buffer for 2 minutes at 32°C. The reaction was quenched by adding 500 l ice-cold solubilization buffer containing 9 M of nonlabeled peptide (RRYQKSTEL). After 15 min of incubation on ice, the samples were centrifuged for 8 min (23,000 ϫ g, 4°C). The pellet was resuspended with 600 l of solubilization buffer and pelleted again. The supernatant was removed, and the transported substrate was determined by ␥-counting.
ATPase Assay. To determine the ATPase activity of reconstituted TAP, 30 l of solubilization buffer supplemented with 1.8 mM ouabain͞9 mM NaN 3 and a mixture of ATP (5 mM Microsomes from Raji cells were solubilized with DM, which was found to be optimal for solubilization of TAP (28) . To reduce the background activity from other ATPases, detergent-solubilized proteins were separated by size exclusion chromatography (Fig. 1A) . Each fraction was analyzed by immunoblotting and peptide-binding assays after reconstitution into proteoliposomes. The TAP complex consisting of TAP1 (M w,app , 71 kDa) and TAP2 (M w,app , 75 kDa) was eluted within a narrow region, corresponding to fractions 19-21 (Fig. 1B) . In contrast to tapasin (M w,app , 48 kDa) that was coeluted with TAP, MHC class I heavy chain was detected in fractions 32. Thus DM seems to disrupt the interaction between TAP and MHC I molecules, whereas digitonin can preserve the interaction (29) . Partially purified TAP was reconstituted into liposomes by size-exclusion chromatography. In comparison to other established reconstitution methods such as dialysis, dilution, or hydrophobic adsorption to Bio-Beads (Bio-Rad), reconstitution by size exclusion combines two advantages: First, it is a very fast method preventing prolonged detergent exposure. Second, it can be used for detergents with low critical micellar concentration, such as DM or digitonin. Optimal conditions were observed when TAP is reconstituted into preformed unilamellar liposomes at defined phospholipid, cholesterol, and detergent ratios (for details see Materials and Methods). The optimized recon-stitution procedure turned out to be very efficient. As demonstrated by immunodetection (Fig. 1C) and by the B max value of peptide binding, approximately 50% of microsomal TAP was reconstituted (Table 1) . On the basis of these results and peptide-binding assays with semipermeabilized proteoliposomes (data not shown), the majority of TAP molecules (Ͼ95%) seems to have the same orientation with the peptide-binding site facing to the exterior of the proteoliposomes. In binding assays with radiolabeled peptides comprising various affinities for TAP, reconstituted TAP displayed the same ligand affinity as TAP in microsomes (Table 1 ). In conclusion, peptide affinity and TAP selectivity remain fully preserved after reconstitution into proteoliposomes.
Although substrate-binding activity is well conserved after reconstitution, ATP-dependent transport activity seems to be a very fragile property of TAP (28, 30) . Here we were able to demonstrate that reconstituted TAP not only binds peptides but also displays ATP-dependent transport activity (Fig. 2) . In the absence of ATP, no peptide translocation is observed. Transport is peptide specific, as it can be inhibited in the presence of an excess of unlabeled peptide. Moreover, the TAP-specific viral inhibitor ICP47 also inhibits peptide transport. The possibility that peptides are only bound to TAP or proteoliposomes can be excluded, first because peptide binding to TAP is nucleotide independent (11), and second, proteoliposomes are washed after transport with an excess of high-affinity peptide RRYQKSTEL, which removes bound but not transported peptides. In summary, we have established a fast and sparing method for reconstitution of TAP restoring peptide binding and translocation activity.
Peptide-Stimulated ATPase Activity of the TAP Complex. The ATPase activity of reconstituted TAP was assayed by release of inorganic phosphate from [␥-32 P]ATP, which increases linearly within the first 4 minutes of analysis. Therefore, initial rate constants were measured. In the absence of peptides, we observed an ouabain-and NaN 3 -insensitive ATPase activity of TAP-containing proteoliposomes (Fig. 3A) . This basal activity was reduced to 65% by ortho-vanadate that inhibits ABC transporters and P-type ATPases, indicating that additional ATPases are still present after TAP enrichment. A similar Fig. 1 . Rapid and efficient reconstitution of TAP into proteoliposomes. Raji microsomes (6 mg͞ml) were solubilized by DM ( ϭ 2) and loaded on a Superose 6 column (A). Each fraction (60 l) was analyzed by SDS͞PAGE followed by immunoblotting by using specific monoclonal antibodies against TAP1 (mAb 148.3) (27), TAP2 (mAb 435.3) (9), MHC class I heavy chain (hc) (mAb A1.4) (38), and tapasin (mAb, R.T., unpublished work) (B). To study the efficiency of TAP reconstitution, equal aliquots of microsomal protein, after solubilization, isolation (fractions 19 to 21), and reconstitution into proteoliposomes, were analyzed by immunoblotting (C). 2 . ATP-dependent peptide transport into proteoliposomes. Peptide translocation into proteoliposomes was assayed at 32°C for 2 min by using 1 M of the 125 I-labeled peptide, RRYNASTEL (KD ϭ 516 nM), in the presence or absence of ATP (3 mM). TAP-bound but not transported peptide was competed out by washing with 9 M of the unlabeled peptide RRYQKSTEL (KD ϭ 164 nM). To demonstrate that transport is peptide specific, the assay was performed in the presence of a 400-fold molar excess of unlabeled peptide and ATP. To show TAP-specific transport, the TAP-inhibitor ICP47 (10 M) was added in the presence of ATP. The background results from peptide bound to but not transported by TAP. Data were obtained from duplicate measurements.
situation (reduction of 30-40%) was found for P-glycoprotein expressed in insect cells (31) . To analyze the coupling between peptide binding, transport, and ATP hydrolysis, the release of inorganic phosphate was determined in the presence or absence of peptides RRYQKSTEL and EPGNTWDED. These peptides are known to be a high-and low-affinity substrate of TAP (K D ϭ 164 nM and K D Ͼ 1 mM, respectively) (Table 1) (13). In the presence of vanadate, no peptide stimulation of the ATPase activity was detected, indicating that TAP is in a vanadatetrapped state. A 2.8-fold stimulation of the vanadate-sensitive ATPase activity was observed in the presence of the high-affinity peptide (0.8 M), whereas the low-affinity peptide does not stimulate ATP hydrolysis (Fig. 3A) . Additional experiments were performed with the herpes simplex virus protein ICP47, which specifically inhibits peptide binding to TAP (7) and destabilizes TAP complex formation (32) . ICP47 blocked the stimulation of the ATPase activity even in the excess of the high-affinity peptide. Note that ICP47 did not affect basal ATPase activity. This observation provides indirect evidence that basal ATPase activity derives from other ATPases. However, we cannot formally exclude the possibility that TAP possesses a (low) basal ATPase activity that is insensitive to ICP47. In summary, these data demonstrate that TAP-specific and peptide-stimulated ATPase activity was identified that is vanadate sensitive.
To correlate TAP selectivity with ATP hydrolysis, we applied combinatorial peptide libraries that have been successfully used to decipher the binding motif of TAP (2, 13). In Fig. 3B , only a small set of sublibraries (X 8 O) is shown that point to the most drastic effects within the binding motif of human TAP. All peptides were used at concentrations of 2.4 M, corresponding to the K D value of the library X 9 (13) . The XRX 7 ATPase Activity and TAP Selectivity. To understand the ATP hydrolysis by TAP in quantitative detail, we analyzed the ATPase activity in dependence of the peptide concentration (Fig. 4) Table 1 ). Note that the maximal ATPase stimulation (V max ) for various peptides is the same (Fig. 4 , Table  1 ). Saturation of all substrate-binding pockets leads to a characteristic maximal stimulation of ATPase activity that is identical for different peptides. Accordingly, 50% occupation of the peptide-binding sites results in half-maximal stimulation of the ATPase activity. From this impressive correlation between TAP specificity and ATPase activity, we deduce that peptide binding is the key step in stimulating ATP hydrolysis.
By comparing the amount of released inorganic phosphate in the presence and absence of the peptide RRYQKSTEL (saturating concentration of 1 M), the TAP-specific ATPase activity was analyzed, even in the presence of other ATPases, which are not peptide sensitive (Fig. 5) . The difference of released inorganic phosphate was fitted to Michaelis-Menten kinetics with a Crosstalk Between Peptide-Binding, Transport, and ATP Hydrolysis. To investigate the puzzling question whether substrate binding alone or subsequent downstream events might also affect ATP hydrolysis, we used sterically restricted peptides. These peptides are based on the nonapeptide ARDNATKDY carrying a polylysine chain of up to 20 residues linked to the -amino group of lysine. Interestingly, all of these peptides bind to TAP with similar affinity (IC 50 values of 0.5 to 1.2 M) with no correlation between length of the polylysine side chain and affinity. In contrast to binding affinity, transport efficiency decreases drastically for peptides containing more than eight lysine units (12) . Therefore, these peptides are an ideal tool to distinguish between peptide binding and subsequent translocation. As shown in Fig. 6 , peptide-stimulated ATPase activity depends on the length of the polylysine branch. For up to five lysine residues, no effect on peptide-induced ATPase activity is observed. However, with increasing length of the polylysine branch (eight residues or more), a drastic decrease of peptidestimulated ATPase activity was observed. A peptide consisting of the 20-mer polylysine side chain did not stimulate ATPase activity. This reduced stimulation of the ATPase activity with increasing length of the polylysine side chain directly correlates with the peptide transport efficiency (Fig. 6 ), indicating that ATP hydrolysis reflects peptide translocation.
Discussion
In previous studies, the peptide-binding mechanism and substrate specificity of TAP have been analyzed in detail (reviewed by ref. 2). However, little is known about the pivotal role of ATP hydrolysis in TAP function. ATP is required for peptide translocation into the ER lumen (16) (17) (18) . In addition, experimental data support the model that ATP synchronizes the release of peptide-loaded MHC class I molecules from TAP for subsequent journey to the cell surface (22) . Furthermore, ATP stabilizes the structure of TAP probably as a consequence of structural rearrangement (23) . To analyze the essential role of ATP hydrolysis, we developed a fast and minimally invasive method to solubilize, enrich, and reconstitute TAP. Peptide binding and transport activity of TAP were demonstrated in a reconstituted in vitro system. The ATPase activity of TAP is vanadate-sensitive and stimulated by peptides. By comparing the ATPase stimulation in more detail by analyzing peptides with different affinities for TAP, we observed a direct correlation between the binding constant K D and the half-maximal stimulation of the ATPase activity (K m.pep ). These results were generalized by using combinatorial peptide libraries, demonstrating that stimulation of the ATPase activity correlates with the peptidebinding motif of TAP. The peptide-stimulated ATPase becomes decoupled from substrate binding only in the case of sterically restricted peptides.
Substrate-stimulated ATPase activity has been analyzed in detail for P-glycoprotein (31, 33) . However, many puzzling questions remain unanswered: First, different values of the ATPase activity have been reported. The ATPase activity reaches different V max values in the presence of different substrates. Moreover, some substrates bind to the drug transporter Table 1 ). Data were obtained from duplicate measurements. but do not stimulate ATP hydrolysis. Second, at high substrate concentrations, ATPase activity is inhibited by some substrates. Third, a direct correlation between substrate-binding affinity and substrate-stimulated ATPase activity has not been observed. It should be noted that P-glycoprotein and other drug pumps transport hydrophobic substrates. Thus, membrane partition of these compounds as well as accessibility to the transporter may explain these discrepancies. In contrast, TAP, as demonstrated in this study, shows a strict correlation between peptide binding (K D ) and stimulation of ATP hydrolysis (K m.pep ). In addition, the maximal ATPase activity (V max ) is independent of substrate affinity because peptides with different K D values for TAP displayed the same V max value. Assuming that ATP-hydrolysis reflects transport, one must conclude that the maximal translocation rate is independent of substrate affinity.
The allosteric interaction between peptide-binding, ATP hydrolysis, and peptide translocation implies a dialogue between the NBDs and substrate-binding pocket. On the basis of the process of peptide-binding and substrate-stimulated ATP hydrolysis, we propose a four-step model of TAP function: First, peptide and ATP bind independently to TAP (11) . Peptide association to TAP is a fast process, probably diffusion controlled. Second, loading of the peptide-binding pocket is transmitted to the NBDs via a slow conformational change (14) . Most likely binding of the peptide shifts the equilibrium toward a conformation that forms a tight interface of both NBDs, which is required for allosteric activation of ATP hydrolysis. A decrease in lateral diffusion of the TAP complex caused by structural reorganization is observed only if both ATP and peptide are bound (25) . Third, the NBDs are activated, and ATP hydrolysis causes transport of peptide into the lumen of the ER. The structural change in the peptide-binding pocket is inhibited by sterically restricted peptides preventing ATP hydrolysis and consequently peptide translocation. Fourth, TAP relaxes into its initial state to complete the transport cycle. On the basis of the presented data, we cannot distinguish whether the hydrolysis of one or two ATP molecules is required for the transport cycle. However, it seems very likely that the two NBDs get in close contact in the presence of peptide and ATP and might disassemble after ATP hydrolysis.
As highlighted by sterically restricted peptides, the crosstalk within TAP is more complex than mentioned above. Peptides with polylysine extensions longer than five lysines stimulate the ATPase less than the original peptide, consistent with a decreased transport efficiency (12) . However, all peptides have the same affinity independent of the length of the side-chain extension. Therefore, the peptide transporter TAP must sense the quality of the bound substrate. This quality control must be beyond the binding step and helps the cell to save energy. How this downstream control mechanism functions on molecular level remains unknown.
The Michaelis-Menten constant K m (0.3 mM), determined by the release of inorganic P i , corresponds well with the K m measured by the amount of glycosylated peptides transported into the lumen of microsomes with increasing ATP concentration (34) . The agreement between the K m values of these two different methods shows the direct coupling between peptide-binding, transport, and ATP hydrolysis, supporting the idea that each bound peptide is transported by TAP under consumption of energy. The MichaelisMenten constant of the related P-glycoprotein ranges from 0.3 to 1.4 mM depending on species, expression system, and purification procedure (35, 36) . In the presence of different drugs, the K m value of P-glycoprotein changes slightly (0.4 and 1.4 mM) and shows only drug dependence in some cases. Interestingly, the turnover numbers of the related ABC-transporter P-glycoprotein and TAP (5 ATPs) are almost identical and approximately 5-fold higher than the k cat of CFTR. In contrast to P-glycoprotein, TAP obviously has no or a very low basal ATPase activity, as deduced from the ICP47 inactivation experiments.
Assuming that one or two ATP molecules are needed to complete the translocation cycle, the transport turnover number derived from peptide-stimulated ATPase activity is much higher than anticipated from transport assays trapping peptides in the ER by glycosylation. This approach relies on various steps possibly leading to an underestimation of the transport rate. A maximum transport velocity of 2.9 fmol͞min⅐micrograms microsomal protein was reported (37), corresponding to a turnover rate of 0.4 peptides per minute, taking a microsomal TAP concentration of 0.1% (wt͞wt) into account. In contrast, the turnover number measured directly by ATP hydrolysis is 400-fold faster. Assuming 10 5 TAP complexes per cell, we can estimate the maximal intracellular flux into the ER to be 1.5 ϫ 10 7 peptides͞minute⅐cell. This turnover rate is sufficient to account for the role of TAP in peptide loading of MHC molecules and the overall process of antigen presentation, making evident that the intracellular transport by TAP is not the ratelimiting step in antigen processing.
